posure to the organisms by way of the eye or mouth. As in the adult cow, the manner in which the resistance operates has not been fully explained. It is known that there is a considerable increase in the globulin content of the blood of calves shortly after the ingestion of colostrum (Howe, 1922) , the increase being confined to the gamma globulin (San Clemente and Huddleson, 1943) . Since it has been shown that immune antibodies are associated with the gamma globulin fraction of serum, this fraction may contain the factor which affords the calf resistance to infection during the first months of life. The nature of the antibody or its mode of action is still to be determined.
It is now a well-established fact that the presence of specific Brucella agglutinins in the blood serum of cattle is not an indication of immunity to brucellosis.
Their presence in a high dilution and persistence in serum indicates infection rather than immunity. On the other hand, animals such as guinea pigs (Huddleson, 1943) and cattle (Beach and Humphrey, 1935) in which resistance to the dikease has been demonstrated by experimental exposure seldom, if ever, develop specific agglutininis to any degree after exposure.
Since specific opsonins for Brucella have been demonstrated in the blood of cattle following recovery from infection (Huddleson et al., 1936) or after vaccination (Rabstein and Cotton, 1942) , it has been suggested that they may play an important role in preventing infection. But in view of the fact that the blood of many infected cows also possesses a marked opsonic activity, one cannot attach too much importance to the part which opsonins play in the immunity mechanism.
The possibility that bactericidal substances in the blood are involved in the mechanism of the immunity operating in cattle against brucellosis has not been entirely eliminated. Irwin, Beach, and Bell (1936) attempted to determine whether resistance or susceptibility in cattle to brucellosis could be determined by differences in the bactericidal action of blood collected from known resistant and susceptible animals. The bactericidal system used was similar to the one employed by Mackie and Finkelstein (1932) . They found animals in both groups showing either a high or low bactericidal action against Brucella abortus. When members from each group were exposed to experimental infection, no correlation was noted between resistance and high bactericidal action of the sera.
In a later study Irwin and Ferguson (1938) demonstrated a higher concentration of bactericidins for BruceUla abortu-s in the sera of adult cattle after recovery from infeqtion than in those of normal ones.
In view of the inconclusive status of the bactericidal phenomenon observed in -bovine serum, a comprehensive study was undertaken by the writers to determine the relationship between in vitro bactericidal action, as shown by plasma and serum from the calf and cow, and resistance to brucellosis infection.
* In preliminary studies it became apparent that the in vitro bactericidal action of plasma or serum was influenced by many factors and that these would have to be taken into consideration in interpreting and comparing the results of each test on the same or on different animals.
A few of the important factors studied were (1) the rate of bactericidal action, (2) the differences in action between serum, plasma, and whole blood, (3) the effect of the time interval between bleeding and setting-up tests, (4) the differences in the species of Brucella and the state (smooth or rough) of the culture, (5) the number of organisms used in the test, (6) the effect of diluting serum or plasma, (7) the age of the culture, (8) the effect of filtration and type of filter on the action of serum or plasma, and (9) the effect of heat on the action of serum or plasma.
GENERAL PROCEDURES
Preparation of culture. A single, smooth strain of Brucella abortus was used in all experiments unless otherwise stated. The organisms were grown on beef liver agar slants for 48 hours at 37 C. The growth was removed by means of a sterile wire loop and suspended in sterile diluting fluid, which consisted of 0.05 per cent tryptose peptone and 0.5 per cent NaCl in distilled water. The bacterial suspension was thoroughly mixed and then dilutd to a scale reading of 23 on the Libby photronreflectometer. The standard suspension contained from 8 X 108 to to 1.2 X 109 live Brucella organisms per ml. Serial dilutions ranging from 10-2 to 10-6 were made from this suspension in the same diluting fluid. The number of bacteria present was determined by plating 1 ml of the 10-6 dilution on the surface of tryptose agar plates. The plates were incubated for 4 days at 37 C and the number of colonies counted. The initial number of bacteria added to the blood plasma or serum from the different dilutions can be calculated by multiplying the number counted by the dilution factor.
Preparation of blood. Blood was drawn aseptically from the jugular vein of the animal and collected in a sterile bottle. For the tests requiring whole blood or plasma, 0.1 ml of sterile saturated sodium citrate for each 10 ml of blood was placed in the bottles. Blood specimens used in the study were collected from supposedly normal cows and calves, cows infected with Brucella abortus, and heifers and calves that had been injected with different types of killed or live organism vaccines (Brucella). Normal blood was used in all the experiments unless otherwise stated. The normal cows and calves were in a dairy herd which had been free from brucellosis for more than 15 years. All tests were made within 4 hours after collection unless otherwise stated. Those which were not used within the stated time were held at 4 C.
In establishing a procedure which would reveal the maximum in vitro bactericidal activity of bovine serum or plasma for Brucella, three methods of setting up the tests were used. In one, the volume (1 ml) of undiluted serum or plasma was kept constant in a series of tubes to which were added the same volume of diluting fluid containing live organisms in varying numbers. In the second, serial twofold dilutions of serum or plasma in 1-ml amounts were placed in sterile tubes to which were added the same volume of diluting fluid containing a constant number of live Brucella cells. The mixtures were incubated at 37 C; the length of time varied with the experiment.
At the end of the period of incubation, 1 ml of the mixture in each tube was placed on the surface of a tryptose agar plate and the plates were incubated at 37 C for 4 days. Colony counts were made and compared with that of the control tube inoculated with the highest dilution of bacteria used (106).
A third procedure, a modification of the second, has also been employed for Comparison between bactericidal action of plasma and serum. Several tests were made to determine the bactericidal activity of plasma in comparison-to that of serum. The data in table 2 illustrate the comparative differences between serum and plasma in twofold dilutions up to 1:1,024 in the presence of a small number of bacteria. In every case a larger number of bacteria were killed in plasma than in serum. According to these data, a 1:16 dilution of plasma has the equivalent action of a 1: 4 dilution of serum.
Differences in the bactericidal action of plasma and whole blood. All experiments to determine these differences were made on a divided sample of normal plasma and whole blood. To the undiluted plasma or whole blood in tubes was added an equal volunme of diluting fluid containing bacteria ranging in numbers from 1.2 X 103 to 1.2 X 107. From the results recorded in table 3 it is evident that whole blood possesses the property of killing Brucella abortus, but its action is considerably weaker than that of plasma.
Effect of time interval between bleeding and setting-up tests. In order to determine whether the interval between bleeding and testing affected bactericidal action, samples of blood were collected from normal cows and held at 4 C for different lengths of time before testing. The results of several experiments indi-cate that there is little or no difference in the killing action of plasma when held for 2 hours or for as long as 15 days. Occasionally plasma samples held for 3 to 10 days killed more bacteria than those held for a shorter period of time. Plasma samples held for 30 days show a considerable loss in activity, presumably because of the deterioration of complement. Comparative susceptibility of the three species and rough (R) and smooth (S) phases of Brucella to the bactericidal action of bovine plasma. A smooth culture of each of the species and smooth and rough phases from the same culture of Brucella abortus were selected for these experiments.
The plasma samples were from a supposedly normal cow and an infected cow. The results set forth in table 4 show that Brucella suis and Brucella melitensis are far more resistant to the bactericidal action of plasma than is Brucella abortus. The greater resistance of Brucella suis and Brucella melitensis to the action of bovine plasma bactericidins noted in this study confirms similar findings of Irwin et al. (1936) and Streidter and Avrukina (1940) . From the results in table 5 it may be noted that fresh plasma from the Brucella-infected cow failed to kill a large number of smooth phase Brucella abortus organisms. This has been a constant finding in all tests on blood from infected animals. On the other hand, when organisms of the rough phase are exposed to the same plasma they are killed in large numbers. Similar differences shown by smooth and rough phases of Eberthella typhosa to the action of bactericidins in blood serum have previously been observed by Mackie and Finkelstein (1932 Morris (1943) while studying Eberthella typhosa in a bactericidal system. The effect offiltration on the bactericidal action of bovine plasma. Three different types of filters of different porosities were used in this experiment: (1) the Berkefeld (W) which is known to retain complement, (2) the Harmon % D 8 filter pad, and (3) the fine porosity Corning fritted glass filter. The filters were sterilized by autoclaving, and the plasma was drawn through by suction. tion and on several exposures failed to become reinfected); (7) one adult cow which at one time had shown a high agglutination titer for Brucella; and (8) one infected cow. The plasma samples were tested against five different numbers of bacteria.
The data, according to the procedure of the test, would indicate that the injection of different types of vaccines into cattle does not cause a material increase in the killing power of their plasma above that of the plasma of a normal cow. Plasma samples from infected animals, as illustrated by no. 8, have always failed to show any bactericidal action except against small numbers of bacteria.
In order to obtain more revealing information on the influence of Brucella infection and vaccination on the bactericidal action of plasma, a normal heifer, age 18 months, was injected intravenously with 1 billion live and virulent Brucella abortus cells. Another heifer of approximately the same age was injected subcutaneously with 150 billion killed Brucella suis cells. The agglutination inhibited the growth of Brucella abortus in any of the dilutions employed routinely. That this is not an exhibition of "zone-inhibition phenomenon" has been repeatedly demonstrated by the failure to obtain inhibition of growth in additional twofold dilutions of the plasma up to 1:200 million, even after adding fresh bovine or guinea pig plasma to each dilution to provide complement.
The organisms grow in aggregates in the dilutions of plasma from infected animals. This type of growth occurs in all dilutions up to the corresponding agglutination titer of the sample. This also occurs beyond the zone .of inhibition of growth in plasma samples taken from animals shortly after the injection of a killed vaccine. When the aggregates of growth occurring in the dilutions of the latter are transferred to the surface of tryptose agar plates, about 90 per cent of on October 25, 2017 by guest http://jb.asm.org/ Downloaded from the colonies which grow are mucoid dissociants. Subcultures of growth occurring in all dilutions of plasma from infected cows, however, remain smooth.
Plasma samples from most young calves inhibit growth in all dilutions up to 1:160. Occasionally, calves are found whose plasma shows little inhibition of growth in any dilution. Plasma samples from heifers and adult cows after recovery from natural infection, and from animals recently injected with a killed Brucella vaccine, inhibit the, growth of Brucella abortus in a higher dilution than do samples from normal ones. OF.- The failure of plasma from a Brucella-infected cow to kill large numbers of Brucella abortus might be attributed to one of the following factors: (1) its low complement content, (2) the presence of anticomplement, (3) the presence of soluble antigen, and (4) the absence of complement-binding groups on a portion of the bactericidal antibodies.
It has long been known that fresh bovine serum is low in complement. Furthermore, it is difficult to measure bovine complement quantitatively in a hemolytic system because bovine serum agglutinates the red cells of most other species of animals before hemolysis occurs. Goat cells appear to be an exception. When the complement content of normal bovine serum was measured in a goatcell rabbit-serum amboceptor system, it was found that 0.6 to 1 ml was required to hemolyze completely 0.5 ml of a 1 per cent suspension of sensitized cells. Serum samples from infected cows show approximately the same complement activity.
By comparing the bactericidal action of plasma from an infected cow with that of plasma from a normal one for Eberthella typhosa, it was shown that complement is just as active in the infected as in the normal. In this experiment Eberthella typhosa was added to undiluted plasma in five different quantities (1.5 X 10 to 1.5 X 107). Both exhibited killing action to the same degree. The unaltered action of complement in the plasma of infected animals for Eberthella typhosa would indicate that anticomplement is not the factor which prevents complement from killing Brucella organisms.
It is a well-recognized fact that the presence of a soluble specific antigen in a bacterial suspension will interfere with bactericidal action. This is due to its combining action with antibody and complement (Mackie and Finkelstein, 1931; Morris, 1943) . If such an antigen were present in the blood of Brucellainfected cows, it would combine with the antibody and remove a considerable amount of the complement. This has not been demonstrated.
It is postulated that the low bactericidal action of plasma from infected animals for Brucella is due to the presence of specific bactericidal antibodies which have lost their complement-binding component. These still operate as specific sensitizing antibodies, but, unlike complete ones, they possess no means of combining with complement. The sensitized bacterial cells which have not combined with complement would be expected to multiply when incubated at a suitable temperature. This has been shown to occur in all experiments with plasma from infected animals. Not only will plasnla from infected animals alone fail to prevent the multiplication of Brucella abortus, but when 0.1 to 0.2 ml amounts are added to 1 ml of plasma from a normal or an immunized animal, its bactericidal action is inhibited to a considerable degree.
It must be admitted that the presence of antibodies in blood minus a complement-binding component is difficult to demonstrate. It has, however, been shown by the writers that the inhibitory substance or antibody differs from the complete antibody in that it can be partially removed from the plasma of infected animals by repeated filtration through a Harmon # D 8 filter pad. Plasma thus treated shows a higher bactericidal action for small numbers of bacteria than that which is not filtered.
It is possible thwt normal bovine plasma also contains a small amount of the incomplete antibody as it has been observed repeatedly that filtration through a Harmon pad increases its killing action against Brucella abortus (table 7) . By assuming the presence in normal plasma of incomplete specific sensitizing antibodies, one might expect under the proper antigenic stimulus (live virulent organisms) the production of additional incomplete bactericidal antibodies as well as complete ones. The original ratio of the two in the blood of a normal animal before exposure, or the differences in the rate of production of the two after ex- If specific bactericidal antibody in blood plays an important role in preventing Brucella infection in the cow and calf, the presence at the same time of significant amounts of incomplete antibodies would tend to neutralize the action of the complete ones and bring about a higher degree of susceptibility to infection and to prolong recovery in an animal that is infected. In this connection it has long been observed that animals in which Brucella abortus infection is established under natural conditions are slow in recovering from infection. ' 
DISCUSSION
The results obtained in the foregoing experiments are convincing proof that the in vitro demonstration of the maximum bactericidal action of blood is more complex than is generally supposed, and serve to accent the difficulties that may be met in the performance of the test. Maximum bactericidal activity in a system depends upon many factors not too well understood. Most of the past studies of this nature have been made only on serum. The differences in activity of plasma and serum noted in this study have not heretofore been emphasized. It is obvious that, if serum alone had been used, the results would have been far different from those recorded.
Normal bovine plasma when diluted no more than 1:2 kills large numbers of Brucella abortus at a rapid rate. An incubation period of more than 24 hours is required to kill all organisms if they are initially present in large numbers. Killing action proceeds at a much slower rate when plasma is diluted 1:10 or higher.
t When a sufficient amount of specific, complete bactericidal antibody is present in plasma, a surprisingly small amount of complement is needed to inhibit growth and to kill slowly relatively large numbers of Brucella abortus. This was clearly shown by plasma from a vaccine-treated cow and from one which recovered from infection in which dilutions up to 1:40 or 1:160 inhibit the growth of 1.5 X 105 live organisms. This action occurs regardless of whether the agglutination titer of the plasma sample is 1:20 or 1:1,280. Plasma examined in the same way from supposedly normal cows rarely prevents growth beyond the 1:20 dilution, and then for no longer than 24 hours. This occurs even though the quantity of complement present (measured in a hemolytic system) is equal to that in plasma of bacterin-treated animals.
The serial dilution method is preferred over others as a routine procedure for determining differences in the bacterial-growth-inhibiting power of plasma from normal, immune, vaccinated, and infected cows. And further, in view of the fact that plasma samples from infected cows fail to inhibit the growth of comparatively small numbers of Brucella abortus, this method can be used in differentiating between the infected and non-infected, that is, between those cows which show specific agglutinins in their blood from the injection of Brucella antigenic agents and those which show them after recovery from infection.
It was pointed out in the first part of this paper that after experimental or natural exposure a large number of cattle often resist infection. Such animals not only resist infection on the first exposure, but fail to become infected after repeated exposure over a period of years. Is it not possible that the cause for their failure to become infected following the first exposure is the slow rate at which incomplete bactericidal antibodies develop in comparison with the complete or complement-binding ones? The soundness of this hypothesis depends upon whether bactericidal antibodies in blood play an important role in the resistance mechanism of cattle against Brucella infection.
It has been demonstrated that plasma from newborn calves shows little, or no, bactericidal action until after the ingestion of colostrum. It may be assumed that the new property is acquired from some substance in colostrum, presumably gamma globulin, since this globulin makes its appearance in calf blood after the ingestion of colostrum. The age at which calves show maximum bactericidal action cannot be definitely stated as it varies with the animal. In certain 3-dayold calves the bacterial killing action of plasma was as high as that of an adult cow. No direct proof has yet been obtained that this newly acquired action of calf blood accounts for their high resistance to Brucella infection. Nevertheless, since bactericidal antibodies are supposed to play an important role in the immunity mechanism of certain diseases, one is justified in assuming that their presence has some immunological significance until proof to the contrary is obtained.
In certain experiments in this study it has been demonstrated that the smooth phase of Brucella abortus changes rapidly to the mucoid phase when the former is incubated in vitro with plasma from cows that have been injected with a killed Brucella vaccine or have recovered from infection. A similar change does not occur in smooth cells grown in plasma of infected or normal cows. These findings may furnish some clue as to what happens to smooth Brucella abortus cells when they invade the tissues of either normal or immune cows. In other words, the resistance or susceptibility of a cow to Brucella infection may depend partly upon how rapidly invading smooth Brucella cells are transformed into a nonpathogenic mucoid phase. The absence of any change in the smooth form when grown in blood from infected cows may serve to explain why so few of them ever recover from brucellosis.
The mucoid dissociant of Brucella is not pathogenic for laboratory animals or cattle. When injected into animals it does not elicit agglutinins for the smooth form. Present studies show that one mucoid phase will immunize animals against the smooth virulent phase of Brucella.
SUMMARY
It is pointed out that several factors influenced the results of an in vitro test for measuring the bactericidal action of bovine blood for Brucella.
Blood plasma from normal calves and cows possesses a complex which kills large numbers of Brucella abortus in vitro. Serum possesses the same property, but to a lesser extent.
The bactericidal complex does not make its appearance in calf blood to any extent until after the ingestion of colostrum.
Blood plasma from cows infected with Brucella abortus possesses a property which inhibits the killing action of the bactericidal complex for Brucella.
Brucella-infected cows may be detected and distinguished from those not infected by making use of differences shown in the bactericidal action of their plasma for Brucella. The serial dilution method reveals greater differences in the bacterial-growthinhibiting action of plasma from normal and Brucella-immune cows. Such differences suggest that specific bactericidal antibodies, if present in sufficient concentration, play an important role in the protection of cattle against brucellosis.
